DEAD-box proteins are involved in all aspects of RNA processing. They bind RNA in an ATP-dependent manner and couple ATP hydrolysis to structural and compositional rearrangements of ribonucleoprotein particles. Conformational control is a major point of regulation for DEAD-box proteins to act on appropriate substrates and in a timely manner in vivo. Binding partners containing a middle domain of translation initiation factor 4G (MIF4G) are emerging as important regulators. Well-known examples are eIF4G and Gle1, which bind and activate the DEAD-box proteins eIF4A and Dbp5. Here, we report the mechanism of an inhibiting MIF4G domain. We determined the 2.0-Å resolution structure of the complex of human eIF4AIII and the MIF4G domain of the splicing factor Complexed With Cef1 (CWC22), an essential prerequisite for exon junction complex assembly by the splicing machinery. The CWC22 MIF4G domain binds both RecA domains of eIF4AIII. The mode of RecA2 recognition is similar to that observed in the activating complexes, yet is specific for eIF4AIII. The way the CWC22 MIF4G domain latches on the eIF4AIII RecA1 domain is markedly different from activating complexes. In the CWC22-eIF4AIII complex, the RNA-binding and ATP-binding motifs of the two RecA domains do not face each other, as would be required in the active state, but are in diametrically opposite positions. The binding mode of CWC22 to eIF4AIII reveals a facet of how MIF4G domains use their versatile structural frameworks to activate or inhibit DEAD-box proteins.
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helicase | mRNP | NMD D EAD-box proteins are a large family of RNA-dependent ATPases involved in many aspects of RNA metabolism, including processing, transport, translation, and decay (reviewed in refs. 1 and 2). These proteins generally function to remodel ribonucleoprotein particles (RNPs), by locally unwinding the nucleic acid or by displacing and/or recruiting other factors to the nucleic acid they bind to (3) (4) (5) (6) (7) (8) . Although DEAD-box proteins recognize single-stranded RNAs in a sequence-independent manner in vitro, they act with exquisite specificity in vivo. As an example, the translation initiation factor 4AI (eIF4AI), unwinds RNA secondary structure at the 5′ untranslated region (UTR) of mRNAs, and promotes the recruitment of the small ribosomal subunit (9) (10) (11) . In contrast, the closely related paralogue eIF4AIII binds tightly on spliced mRNAs as part of the exon junction complex (EJC) (8) . The EJC promotes nonsense-mediated mRNA decay (NMD) in human cells (12) (13) (14) and the localization of oskar mRNA in the Drosophila embryo (14, 15) .
DEAD-box proteins have a common architecture based on two RecA domains connected by a flexible linker (reviewed in ref. 3) . A hallmark of these proteins is the conformational plasticity with which they cycle between the active and inactive states of the ATPase reaction (reviewed in ref. 4 ). In the active state, the two RecA domains adopt a characteristic closed conformation that positions the residues responsible for ATP hydrolysis in the appropriate geometry for catalysis (16) (17) (18) (19) (20) (21) . In the inactive state, the two domains are in more open configurations (17, 18) . Conformational regulation is often used to modulate the ATPase activity of DEAD-box proteins, for example in the activation of the translation initiation factor 4AI (eIF4AI) by the MIF4G domain of eIF4G (22) and in the inhibition of eIF4AI by the MA3 domain of PDCD4 (23, 24) . The conformational changes of DEAD-box proteins are important not only for catalysis, but also for protein-protein interactions. In the case of the EJC, for example, the closed RNA-bound conformation of eIF4AIII is required to form a core complex with its binding partners MAGO, Y14, and Barentsz (also known as Metastatic Lymph Node 51; MLN51) (8, 17, 18) .
The EJC core is assembled in an ATP-dependent manner on spliced mRNAs typically, but not exclusively, 20-24 nt upstream of exon-exon junctions (25) (26) (27) . EJC assembly is a complex, stepwise process that is tightly coupled to the splicing reaction (28) (29) (30) . Recent studies in human cells have shown that EJC assembly requires the binding of eIF4AIII to the splicing factor Complexed With Cef1 (CWC22) (31) (32) (33) . The interaction of CWC22 with eIF4AIII is incompatible with the interaction with MAGO and Y14 and is necessary for eIF4AIII recruitment to the splicing machinery (31, 32) . Consistent with its role in EJC deposition, CWC22 participates to the degradation of an endogenous NMD target in vivo (33) . In vitro, CWC22 reduces the ATPase activity of eIF4AIII, suggesting that CWC22 keeps the DEAD-box protein in an inactive state before the EJC assembles at exon ligation (31) . CWC22 contains two conserved regions
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predicted to fold into MIF4G and MA3 domains. Counterintuitively with respect to the known activating properties of MIF4G domains and inhibiting properties of MA3 domains on other DEAD-box proteins (21) (22) (23) (24) , CWC22 uses its MIF4G domain to bind eIF4AIII (32) . In this work, we have elucidated the mechanism with which the MIF4G domain of CWC22 specifically recognizes and negatively regulates eIF4AIII.
Results and Discussion
Domain Requirements for eIF4AIII-CWC22 Complex Formation. Human eIF4AIII (residues 1-411) contains an N-terminal RecA1 domain and a C-terminal RecA2 domain (17, 18) (Fig. 1A) . CWC22 (residues 1-656) contains MIF4G and MA3 domains predicted approximately between residues 145-350 and 450-656, respectively (using the Phyre (34) and HHpred prediction servers; ref. 35) (Fig. 1A) . Previous coimmunoprecipitation and pulldown experiments have mapped the interaction between the two proteins to the RecA2 domain of eIF4AIII and to a region of CWC22 containing the MIF4G domain (residues 110-409) (31, 32) . We purified different portions of the molecules and assessed their relative binding affinities quantitatively by using isothermal titration calorimetry (ITC).
An evolutionary conserved region of CWC22 spanning the MIF4G and MA3 domains (residues 116-656) bound full-length (f.l.) eIF4AIII with a K d of 67.5 nM (Fig. 1B and Fig. S1 ). The MA3 domain (residues 450-665) showed no detectable binding to eIF4AIII (Fig. 1B and Fig. S1 ). The presence of the MA3 domain appeared to even have a small negative contribution to eIF4AIII binding: A segment lacking the entire MA3 domain (residues 116-406) resulted in a K d of 28.4 nM (Fig. 1 B and C) . Remarkably, a further 20-residue truncation to the stable structural core of the MIF4G domain identified by limited proteolysis (residues 137-406) decreased binding to eIF4AIII 100-fold (K d 3.1 μM; Fig. 1 B and C). We concluded that elements both within and outside the MIF4G domain of CWC22 participate in eIF4AIII binding. Upon dissecting eIF4AIII, RecA1 did not show appreciable binding to CWC22 in ITC measurements ( Fig. 1B and Fig. S1 ). RecA2 bound CWC22 with a K d of 37 nM, slightly higher than that measured in the case of full-length eIF4AIII ( Fig. 1B and Fig. S1 ). Thus, the RecA2 domain of eIF4AIII contains most, albeit not all, of the determinants for CWC22 recognition. A similar relative contribution of the RecA1 and RecA2 domains was reported in the case of the yeast eIF4A-eIF4G complex (22, 36) .
Structure of a Human eIF4AIII-CWC22 Complex. We crystallized the complex of human eIF4AIII (f.l.) and CWC22 (residues 116-406). The crystal structure was solved by a combination of singlewavelength anomalous dispersion (SAD) (using selenomethionine as anomalous scatterer) and molecular replacement (using the structure of human eIF4AIII, PDB ID code 2HXY, as a search model). The structure is refined at 2.0 Å resolution, with a free R factor of 23.58%, working R factor of 20.17% and good stereochemistry (Fig. 2 ). The final model encompasses the two RecA domains of eIF4AIII (residues 21-411) and residues 123-406 of CWC22. No ordered electron density was present for the N-terminal region of eIF4AIII (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and for the Nterminal residues and a disordered loop of CWC22 (residues 116-122 and 142-148).
The RecA1 and RecA2 domains of eIF4AIII are each formed by the typical parallel β-sheet surrounded by α-helices (Fig. 3A, Upper) . The conformation of the two RecA domains observed in the CWC22-bound structure is rather open (Fig.  3A, Upper) , although it is different from the open conformation observed in the apo structure (18) (Fig. S2) . We did not detect crystal contacts that would likely impact on this conformation. In addition to CWC22 binding, the N-terminal region of eIF4AIII preceding RecA1 might stabilize the relative conformation of the two RecA domains. In contrast to previous structures (17, 18) , the N terminus of eIF4AIII forms an additional β-strand (at residues 28-31), extending the RecA1 β-sheet (Fig. S2) . This β-strand interacts with RecA2 (at Arg370, a residue in motif VI of the DEAD-box protein) and approaches the linker that connects RecA1 and RecA2.
CWC22 Has an Atypical MIF4G Domain. CWC22 comprises a MIF4G fold with N-terminal and C-terminal extensions (Fig. 3A) . The MIF4G fold of CWC22 (residues 149-345) consists of five HEAT repeats (Fig. 3A, in blue) . Each HEAT motif is formed by two antiparallel α-helices (termed A and B helices). Consecutive repeats pack against each other in a roughly parallel fashion, with 15°rotations between successive repeats (37) . This topology results in a crescent-shaped molecule with a convex surface formed by the A helices (α1, α3, α5, α7, α9) and a concave surface formed by the B helices (α2, α4, α6, α8, α10). The MIF4G fold of CWC22 is similar to that of yeast eIF4G (22) and Gle1 (21) .
After helix α10, a C-terminal extension of approximately 60 residues stretches over the MIF4G fold (Fig. 3A, in red) .
Residues 346-390 zig-zag on the edge of the concave surface and across the convex surface toward helix α1, covering a distance of approximately 100 Å with extensive hydrophobic interactions (Fig. 3B) . The C-terminal extension ends with an α-helix (α11) that binds the HEAT 1 helices with van der Waals interactions. Given the apolar nature of the intramolecular contacts, the C-terminal extension appears to be an integral part of the CWC22 MIF4G domain. This domain also features an N-terminal extension (residues 123-141; Fig. 3A , in cyan) that is connected with a disordered and presumably flexible linker to helix α1. The N-terminal extension does not engage in intramolecular interactions and is therefore not a structural part of the MIF4G domain, but binds intermolecularly to eIF4AIII.
The N-Terminal Extension of the CWC22 MIF4G Binds at a Hydrophobic Hotspot on RecA2. The N-terminal extension of the CWC22 MIF4G domain binds eIF4AIII in a surface pocket formed in the RecA2 domain between the N-terminal α-helix and the N-terminal β-strand (Fig. 4) . In particular, CWC22 residues 129-140 engage RecA2 with both polar and hydrophobic interactions (Fig. 2B , Lower and 4A), burying more than 1,100 Å 2 of surface area. CWC22 Tyr133 and Arg140 contact eIF4AIII Asp270 and Asp266. CWC22 Ala137 and Pro136 pack against eIF4AIII Trp263. We have shown that this binding pocket of eIF4AIII is used for binding UPF3b (38) . Remarkably, Tyr133 and Pro135 of CWC22 are at the same structural position as Tyr429 and Pro431 of human UPF3b (Fig. 4 A and C and Fig. S3 ). This pocket thus appears to be a hotspot used by different binding partners of eIF4AIII.
A corresponding binding pocket also exists in yeast eIF4A and is used to recognize a flexible N-terminal extension of the eIF4G MIF4G domain (22) (Fig. 4B ). Trp579 and Pro581 of yeast eIF4G are at the equivalent position of Tyr133 and Pro135 of human CWC22. In the case of yeast eIF4G, mutation of Trp579 has been shown to significantly decrease the binding affinity for yeast eIF4A and to lead to a temperaturesensitive phenotype (22) . We evaluated the contribution of this binding site in the case of the human eIF4AIII-CWC22 complex. A Tyr133Glu and Arg140Glu mutant of CWC22 interacted with eIF4AIII with a K d of 1.1 μM, 100-fold lower than the wild type (Fig. 1B and Fig. S1 ). We concluded that both human CWC22 and yeast eIF4G feature a flexible element that is connected to the N terminus of their MIF4G domains and that docks onto a prominent pocket present in the RecA2 domains of their respective binding partners. Binding to this pocket in RecA2 provides an important contribution to complex formation in both the eIF4A-eIF4G (22) and eIF4AIII-CWC22 complexes.
The MIF4G Domain of CWC22 Interacts with the Two RecA Domains of eIF4AIII. The MIF4G domain of CWC22 binds eIF4AIII at two sites. At one end of the MIF4G crescent, HEAT 1 and 2 contact RecA2 (Fig. 3A) . Here, CWC22 Phe211, Tyr215, and Asn171 (on helices α1 and α4) surround eIF4AIII Arg329, whereas CWC22 Lys164 and Lys172 form hydrogen bonds with eIF4AIII Asp270, Asp273, and Ala300 main-chain oxygen (Fig. 5A, Right and Fig. S4A ). Consistently, it has been shown that mutation of Asn171 and Lys172 in CWC22 impairs the coprecipitation of endogenous eIF4AIII from cell lysates and that mutation of Asp270 and Asp273 in eIF4AIII impairs the coprecipitation of endogenous CWC22 (32) . A Phe211Ala, Tyr215Ala mutation in CWC22, engineered to selectively weaken this interaction site, decreased the binding affinity for eIF4AIII of a hundredfold, to a K d of 3.18 μM (Figs. 1B and 5B) . At the other end of the MIF4G crescent, helix α10 in HEAT 5 contacts RecA1 (Fig. 3A) . CWC22 uses Lys330, Tyr334, and Val338 to interact with Cys99 and to approach the top of the N-terminal helices of eIF4AIII (Fig. 5A, Left and Fig. S4B ). The interaction of the MIF4G domain involves 3 salt bridges and 26 hydrogen bonds, and buries a surface area of more than 1,200 Å 2 of RecA2 and 700 Å 2 of RecA1. The extent of the interactions of the MIF4G domain and of the N-terminal extension identified from the structural analysis is in line with the larger energetic contribution of the RecA2 domain observed in ITC measurements (Fig. 1B) .
The eIF4AIII-interacting residues of CWC22 are conserved in metazoans and are also in part conserved in NOM1, an eIF4AIII-interacting protein involved in prerRNA processing (39) (Fig. S5) . The CWC22-interacting residues of eIF4AIII are also conserved to a large extent in the paralogue eIF4AI (Fig. S6) . However, CWC22 does not bind eIF4AI (31) . Mutants with several amino acid substitutions on RecA2 have been shown to weaken the interaction with CWC22 (32). Inspection of the structure reveals that only a few of the CWC22-interacting residues differ between eIF4AIII and eIF4AI: Cys99 at RecA1 (Gln in eIF4AI), and Ala300, Asn301 at RecA2 (Arg and Asp in eIF4AI) (Fig. 5A and sequence alignment in Fig.  S6 ). Based on the structural analysis, we made selective substitutions of eIF4AIII and tested the ability of the recombinant mutant proteins to interact with CWC22 in GST-pulldown assays. As controls, GST-CWC22 was able to precipitate wild-type eIF4AIII but not eIF4AI (Fig. 5C, lanes 6 and 10) . Mutation of Cys99Gln (on RecA1) did not appreciably affect the interaction with CWC22 (Fig. 5C, lane 7) . In contrast, mutation of Ala300Arg and Asn301Asp (on RecA2) weakened the interaction with CWC22 (Fig. 5C, lane 8) . These two substitutions are predicted to make unfavorable electrostatic interactions with an incoming CWC22 (at Lys172 and Glu184) (Fig. 5A, Right) . The results are in line with the notion that the RecA2 domain provides the major contribution to CWC22 binding and indicate that small differences on the surface of DEAD-box proteins can be sufficient to impart specificity.
CWC22 Holds eIF4AIII in an Inactive Conformation. The bidentate mode of MIF4G interaction in the eIF4AIII-CWC22 complex is reminiscent of that observed in the eIF4A-eIF4G complex (22, 36) . At the N-terminal end of the MIF4G domain, the interactions of helices α1 and α4 of CWC22 with the RecA2 domain of eIF4AIII are strikingly similar to the interactions observed in the eIF4A-eIF4G complex (Fig. 6 A and B and Fig. S7A ). At the C-terminal end of the MIF4G domain, both CWC22 and eIF4G use helix α10 to contact RecA1, but the interaction site on RecA1 differs between the two complexes ( Fig. 6 A and B and  Fig. S7 ). Whereas eIF4G contacts the side of the N-terminal helices of eIF4A, CWC22 contacts the top of the corresponding helices of eIF4AIII. Superposition of the structures of yeast eIF4A-eIF4G and human eIF4AIII-CWC22 at their RecA2-MIF4G units shows a large difference in the relative orientations of their RecA1 domains, which are rotated approximately 90°w ith respect to each other (Fig. S7A) . The different conformation of RecA1 with respect to RecA2 has significant consequences. In the case of the yeast eIF4A-eIF4G complex, the DEAD-box motifs for RNA and ATP binding present in the RecA1 and RecA2 domains face each other, approaching the conformation required for the active (38) . BTZ is in red, MAGO and Y14 in gray, and RNA and AMPPNP in black.
state of the DEAD-box protein (Fig. 6 B and C , compare the positions of ellipses and circles). A similar conformation has been reported for another helicase-MIF4G complex, that of Dbp5 and Gle1 (21) . In both cases, binding of the MIF4G domain is known to boost the ATPase activity of the DEAD-box protein (36, 40) . Mechanistically, the MIF4G domains of eIF4G and Gle1 are thought to restrict the conformational space of the RecA domains they bind to, thereby increasing the on and off rates of the reaction (36, 40) . In the case of the eIF4AIII-CWC22 complex, the RNA-binding residues of RecA1 are far from the RNA-binding site on RecA2 (Fig. 6 A and C, compare position of the ellipses). The ATP-binding loop (P-loop, in green in Fig. 6A ) does not point toward RecA2 as it does in the active conformation, but is in a diametrically opposite position (Fig. 6, compare position of the circles) . Thus, CWC22 holds eIF4AIII in an inactive conformation.
We note that having a strong anchoring interaction on the RecA2 domain and a weak latching interaction on the RecA1 domain would allow the MIF4G domain to let go of RecA1 without significantly affecting the overall binding affinity. From a structural standpoint, it would therefore in principle be possible for eIF4AIII to change the conformation of RecA1 and achieve a closed RNA-ATP-bound conformation even when in complex with CWC22. However, eIF4AIII has a weak RNA-dependent ATPase activity in the absence of Barentsz (8) . We speculate that the weak RNA-binding properties of eIF4AIII in the absence of Barentsz or other proteins is not sufficient to drive the RecA1 domain away from the interactions of the inhibiting conformation. In this situation, CWC22 would be able to prevent eIF4AIII from binding RNA before the EJC is assembled onto spliced mRNAs.
Conclusions
MIF4G domains (such as in CWC22, eIF4G, and Gle1) are emerging as widespread regulators of RNA-dependent ATPases. At the structural level, MIF4G domains look overall rather similar, as do the RecA domains of the DEAD-box proteins they bind to (e.g., eIF4AIII, eIF4A, and Dbp5). At the molecular level, the eIF4AIII-CWC22, eIF4A-eIF4G, and Dbp5-Gle1 complexes all use the N-terminal helices of the MIF4G domain to anchor the RecA2 domain of the ATPase and the C-terminal helices of the MIF4G domain to latch on the RecA1 domain. Although the anchoring mechanism is remarkably similar in the three complexes, the latching interactions differ. As a result, these MIF4G proteins stabilize the RecA domains of their respective DEAD-box protein either in an activated or in an inhibited conformation. The opposite functional readout is imparted by subtle changes in the intermolecular contacts, which, even with hindsight, would be difficult to predict. In the case of other MIF4G domains, ATPase rates will have to be experimentally measured to assess whether they up-regulate, down-regulate, or have no effect on the activity of the DEAD- Included are conserved residues involved in the interaction as well as residues that differ in eIF4AI (Ala300, Asn301 in RecA2 and Cys99 in RecA1). (B) ITC experiment measuring the affinity between human eIF4AIII and a mutant of CWC22 with Phe211Ala and Tyr215Ala substitutions. Perturbing the hotspot of interactions between RecA2 and the MIF4G domain of CWC22 results in a significant decrease in affinity. (C) Protein coprecipitations by GST pull-down assays. GST-tagged CWC22 (residues 116-406) was incubated with eIF4AIII wild type and mutants in a buffer containing 200 mM NaCl before coprecipitation with glutathione-Sepharose beads, as indicated. One-fifth of the input and the entire glutathione eluates were analyzed on Coomassie-stained 13.5% SDS/PAGE. The mutants were designed to mimic residues in eIF4AI. Precipitation with eIF4AI was added as a control. The asterisk indicates an impurity (GST).
box protein they bind to. Subtle changes also allow MIF4G domains to discriminate between a binding partner and very similar proteins in the cell. The current structural information suggests that MIF4G domains can fine tune the specificity toward paralogous DEAD-box proteins by a discrimination mechanism based on a few substitutions causing electrostatic or steric clashes.
Experimental Procedures
Protein Expression and Purification. Human full-length eIF4AIII (411 residues), human CWC22 (MIF4G domain 116-406), and constructs thereof were expressed as recombinant GST-tagged proteins by using Escherichia coli BL21-Gold (DE3) pLysS cells (Stratagene), Terrific Broth (TB) medium, and overnight induction at 16°C. Cells were lysed in 40 mM Tris at pH 7.5, 500 mM NaCl, 10% glycerol, 2 mM DTT supplemented with protease inhibitors (Roche), and the GST-tagged proteins were purified by affinity chromatography on glutathione resin (Clontech). After cleaving the GST tag with PreScission protease, proteins were further purified by ion exchange chromatography (MonoQ) and size-exclusion chromatography (Superdex; GE Healthcare) using 40 mM Tris at pH 7.5, 200 mM NaCl, 10% glycerol, and 2 mM DTT as gel-filtration buffer. The eIF4AIII-CWC22 complex was formed by incubating the two purified proteins in an estimated 1:1 ratio for 30 min at room temperature. The complex was purified by size exclusion chromatography (Superdex S200; GE Healthcare). Mutants of eIF4AIII and CWC22 were generated by using the QuikChange Site-Directed Mutagenesis kit (Stratagene), and expressed and purified as described for the wild-type proteins.
Crystallization and Structure Determination. Crystals were grown at 18°C by vapor diffusion from sitting nanodrops formed by equal volumes of protein (3 mg/mL) and crystallization buffer [12% (wt/vol) polyethylene glycol (PEG) 20000, 0.1 M Na-K phosphate at pH 6.5). Crystals (40 × 30 × 10 μm 3 )
appeared after 10 d. Selenomethionine-substituted crystals were obtained in similar conditions. Crystals were transferred to a stabilization solution [14% (wt/vol) PEG 20000 and 0.1 M Na-K phosphate at pH 6.5] containing 25% (vol/vol) glycerol as a cryoprotectant. All data were collected at Swiss Light Source beamline PXII. Data were processed and scaled with the XDS package (41) (Fig. 2A) . The crystals belong to the monoclinic space group P2 1 and contain one eIF4AIII-CWC22 complex in the asymmetric unit with a solvent content of 46%. The structure was determined by SAD (from data collected at selenium peak wavelength) combined with molecular replacement in PHASER (42) using the apo eIF4AIII structure (Protein Data Bank ID code 2HXY) as a search model. The initial electron density was of good quality and allowed most of the model to be automatically built with AutoSol, as implemented in PHENIX (43) , and to be manually completed by using the program COOT (44) . Refinement was carried out with PHENIX (43) . The Ramachandran plot statistics for the final model in Fig. 2A were calculated with the program Molprobity (45).
ITC. ITC was carried out by using a VP-ITC Microcal calorimeter (Microcal; GE Healthcare). All samples were dialyzed in a buffer containing 40 mM Hepes at pH 7.5, 200 mM NaCl, 1.5 mM Tris(2-chlorethyl)phosphate. The eIF4AIII samples (full-length and fragments) were concentrated to 25 μM and CWC22 samples (fragments and mutants) were concentrated to 250 μM. Titrations were carried out at 23°C with 25-30 injections of 10 μL of the CWC22 solution into 1.4 mL of eIF4AIII proteins. As control for all ITC measurements, the injectant was titrated into buffer. All data were processed and curves fitted using the Origin software (Microcal).
Pull-Down Assay. GST-CWC22 (10 μg) together with either human eIF4AIII (wild-type or mutants) or eIF4AI (15 μg) were incubated at room temperature for 30 min. Complexes were applied to glutathione Sepharose beads equilibrated with binding buffer (40 mM Tris at pH 7.5, 200 mM NaCl, 5% glycerol, and 2 mM DTT). Beads were washed three times with binding buffer and eluted with binding buffer containing 30 mM glutathione. Eluted proteins were analyzed by SDS/PAGE.
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